Mandelic acid (phenylglycolic acid) is an aromatic a-hydroxy acid of plant origin (3, 6) . Both the D(-)-and L(+)-isomers occur naturally. A preliminary study found that many different groups of microorganisms which inhabit the soil and surface water can utilize one or both isomers of mandelate as sole source of carbon and energy (15) . In addition, an exhaustive taxonomic study of the aerobic pseudomonads by Stanier et al. (32) revealed that members of several groups within this genus can grow at the expense of one or both isomers of mandelate as sole carbon and energy source. However, the ability to utilize mandelate is, in general, rather rare among the pseudomonads except Pseudomonas aeruginosa, of which all strains tested were capable of growth at the expense of the L(+ )-isomer.
The metabolism of mandelate has been studied in detail in three microorganisms: P. putida A.3.12 (10 to 14, 31)-strain 90 of Stanier et al.
- (32) , Acinetobacter calcoaceticus (21) , and Aspergillus niger (18) . All three convert mandelic acid to benzoic acid by a similar set of enzyme-catalyzed reactions. These will be termed the enzymes of the mandelate pathway. P. putida and A. calcoaceticus further metabolize benzoate via the benzoate branch of the ,-ketoadipate pathway (21, 27) , whereas A. niger converts the benzoate formed to p-hydroxybenzoate which is metabolized via the protocatechuate branch of the ,B-ketoadipate pathway. The reactions of the benzoate or p-hydroxybenzoate branches of the ,B-ketoadipate pathway result in the oxidative cleavage of the aromatic nucleus and conversion of the products to acetyl-CoA and succinyl-CoA. These compounds are further metabolized via the tricarboxylic acid cycle. Figure 1 shows the enzymatic step reactions of the mandelate pathways of P. putida A.3.12, A. calcoaceticus, and A. niger. In each case, mandelate is oxidized to benzoylformate, benzoylformate is decarboxylated to form benzaldehyde, and benzaldehyde is further oxidized to benzoate. However, the mandelate pathways in these organisms differ with respect both to enzyme complement and (where studied) regulation.
In P. putida A.3.12, the pathway is mediated by five enzymes (11) . In addition to the three enzymes needed for the conversion of L(+ )-mandelate to benzoate, a mandelic racemase is present which permits the interconversion of the isomers of mandelate. Two isofunctional benzaldehyde dehydrogenases (BDH) catalyze the conversion of benzaldehyde to benzoate. One uses nicotinamide adenine dinucleotide (NAD) as a cofactor; the other uses NAD phosphate (NADP) (11, 12) . It has been shown by Hegeman (12) that all five of these enzymes are coordi-ROSENBERG induced separately from the enzymes of the mandelate regulatory unit by benzaldehyde and p-hydroxybenzaldehyde and is active with both of these substrates. Mandelstam and Jacoby (25) found that induction of the enzymes of the mandelate group could be inhibited by benzoate, catechol, and succinate, catabolites of mandelate (Fig. 2) . The mode of repression is discussed by Ornston (28) .
The (19) .
by Kennedy and Fewson (21 ) and Livingston and Fewson (22 (19) . Two other strains of P. aeruginosa, 278 (ATCC 17504, isolated from a clinical specimen) and 132 (ATCC 17644, isolated from soil), were used to study the generality of the mandelate pathway control pattern in this species. These were obtained from the Berkeley culture collection and are described by Stanier et al. (32) .
Media. The mineral medium used was that described by Ornston and Stanier (27) . Solid mineral medium was prepared as described in reference 19. Carbon sources were normally supplied at a concentration of 10 VOL. 108, 1971 MANDELATE PATHWAY REGULATION IN P. AERUGINOSA mm, unless otherwise noted, allowing growth to 109 to 2 x 109 cells/ml. Complex media were prepared by using Difco products (Detroit, Mich.). Yeast extract (YE) agar consisted of yeast extract (10 g ) and agar (20 g ) dissolved in mineral medium (I liter); NYB medium contained nutrient broth (8 g), yeast extract (5 g), NaCl (8.5 g ) in distilled water (1 liter) .
Maintenance of cultures. All strains, except PRS 101, were maintained on YE agar slants at 4 C and transferred every 2 months. Nutritionally blocked mutants were checked for reversion before being used in an experiment. A culture of PRS 101 was used to inoculate a number of tubes of NYB plus 0.5% glucose which were stored at 4 C. These cultures were used as inocula for several months of experiments.
Growth for preparation of extracts. Cultures of 150 ml were grown at 30 C on a rotary shaker in conical 1-liter flasks with tube side arms. Growth was measured by the change in turbidity by using a Klett-Summerson colorimeter fitted with a no. 66 filter. Dilutions of a dense bacterial suspension were used to obtain a viable count versus turbidity calibration curve. These two quantities were directly proportional in the range of 10 to 100 Klett units used for this work (100 Klett units = 6 x 108 cells/ml).
Anaerobic growth. Wild-type cells were grown aerobically overnight in mineral medium containing 20 mm lactate at 30 C. Two drops of this culture were used to inoculate 250-ml side-arm flasks containing 180 ml of mineral medium with 20 A modification of the method of Fine and Costello (9) was used to detect BDH activity in these gels. After 'All mutants including those blocked in more than one metabolic step were isolated after a single exposure to N-methyl-N'-nitro-N-nitrosoguanidine (NMG) from either P. aeruginosa strain PRS 101 [the wild type whose origin is described in the accompanying paper (30) the different bands seen. This was especially true when bands on gels made from different batches of acrylamide were compared. These differences may be attributed to variations in the degree of photopolymerization of the gels. These variations might be expected to have a minimal effect on the migration rate of the bromophenol blue tracking dye, since it is not appreciably retarded by the molecular sieving action of the gel matrix. The migration rate of larger molecules would be expected to better reflect polymerization-dependent differences. The use of band 2 as the reference gave good reproducibility and internal consistency when applied to patterns produced by different strains. Thermal enzyme inactivation. Samples of crude extracts (0.5 ml) were diluted with extraction buffer to equal BDH activities and to a final protein concentration of 4 mg/ml. These were dispensed into a series of test tubes (10 by 75 mm), sealed, and placed in a stirred water bath fitted with a thermostatted (46 i 0.2 C) heater. Tubes were removed at 5-min intervals and chilled in crushed ice, and the enzyme activity was measured.
Genetic analysis. Genetic analysis of P. aeruginosa strains PRS 101, PRS 104, and their derivatives was carried out by using the generalized transducing phage, fl16, described by Holloway and Monk (16) and obtained from B. W. Holloway. Preparation of transducing phage, materials, and transduction procedures were the same as those used by Kemp and Hegeman (19) with the following exception. Instead of diluting all fl 16 transducing-phage preparations and recipient cultures to a standard concentration prior to mixing, samples of titered phage and recipient cultures of known optical density (and thus of known viable count) were mixed to produce a ratio of five phage per bacterium in a final volume of from 0.6 to 1.5 ml. This method produced adequate numbers of transductants (40 to 400 per plate).
Two methods were used to investigate the linkage of the genes for the various pathway enzymes. The "donor phenotype selection test" (5) was used in some of the transductions, and a qualitative method (19) which involved transduction between mutants blocked in the same metabolic step was used to compare mutants of similar phenotype. The latter method consisted of performing a standard transduction and counting the number of transductants which had regained the lost function, per 5 x 10' recipient cells. Controls to show the minimum and maximum numbers of transductants expected were performed with the same strain as both donor and recipient (minimum number of transductants due to selfing-separate controls for reversion were also performed) and the wild-type or another strain possessing a different non-cotransducible lesion as donor (maximum number of transductants). The general transducing ability of the donor lysates used was shown to be adequate by using a mutant with a different non-cotransducible lesion as a recipient.
RESULTS
Inductive regulation of the mandelate pathway enzymes. P. aeruginosa is unable to grow on D( -)-m4ndelate (32) . The control of the pathway for conversion of L(+)-mandelate to benzoate in P. aeruginosa was first investigated by using pathway intermediates. Benzoate metabolism is blocked under anaerobic conditions since molecular oxygen is required for conversion to catechol. The presumption of complete anaerobiosis in these cultures could be examined critically, since CO is induced by its product cis,cis-muconic acid in P. aeruginosa (19) . Under anaerobic conditions, no inducer should be formed from benzaldehyde. The low levels of CO present in the anaerobically induced cultures indicate that anaerobiosis was maintained.
Metabolically blocked mutants were used to investigate further the general induction pattern for L(+ )-mandelate metabolism in P. aeruginosa. Table I lists the phenotypes and gene designations of the mutant strains used in this work. (Table 8 ). This allowed the bands on different gels to be compared. For convenience, the bands have been numbered from to 5 starting from the anodal end of each gel. (Table 2) , and activity is also very low or unmeasurable in extracts of BDHmutant cells grown with glucose, adipate, or benzoylformate.
Regulation of BFD and BDH. Data presented so far indicate that both BFD and BDH are induced by benzoylformate and that this same BDH activity, or one very similar to it, is also induced by f,-ketoadipate or adipate, or both, or a metabolite of adipate. Although regulation of BFD and BDH could be understood in classical (17) terms whether one or two BDH activities exist, the problem is complicated by the existence of several classes of doubly blocked (BFD-BDH-) mutants. In addition, a mutant exists which apparently lacks BDH activity and yet is able to grow on benzoylformate or mandelate. Studies employing these mutants have indicated that the regulation of these two enzyme activities is much more complex than might be inferred from the data presented so far.
Physiological studies of BFD-BDH-mutants and their revertants. Fourteen mutants were isolated which were unable to grow at the expense of benzoylformate but were able to grow with benzoate. These mutants were characterized enzymologically and fell into two classes. Nine lacked both BFD and BDH, whereas five lacked only BFD. No single BDH-mutants were found although much time and effort were expended looking for them. Three of the nine doubly blocked mutants were studied in greater detail.
In addition, revertants of these strains capable of growth on benzoylformate were selected. The levels of enzyme activity evoked by various inducers in the three double mutants and their revertants are presented in Table 9 . All mutants and revertants possessed functional MDH activities; thus mandelate is converted to benzoylformate, the true inducer of the two activities being studied. Levels attained by wild-type cells under similar conditions of growth are provided for comparison. The data in Table 9 allow the three doubly blocked mutants investigated (PRS 371, 372, and 378) to be divided into two classes. PRS 371 and PRS 372 both lack benzoylformate-induced enzyme activities but retain the capacity to produce BDH when exposed to adipate. Their revertants have simultaneously regained both lost activities. PRS 371 appears to have a rather high BFD level, but its inability to grow on benzoylformate suggests that the activity of this enzyme may be lower or absent in the cell. Lack of BDH activity, as will be shown, cannot alone account for the inability to grow on benzoylformate.
PRS 378 lacks all three inducible enzyme activities, and its BFD+ revertant, PRS 379, still lacks both inducible BDH activities. Although PRS 379 was selected as a revertant of PRS 378 capable of growth on benzoylformate, it lacks one of the enzymes of benzoylformate catabolism, BDH. Since this mutant grows with benzoylformate, it is not possible to decide whether its BDH activity has been really eliminated, or whether it has been in some way altered so that its activity in vitro could not be measured in extracts of induced cells or demonstrated after disc gel electrophoresis of such extracts (Table 8 ). Another alternative is that this specific BDH activity is lost but that one or more of the BDH activities seen in the previously discussed electrophoresis experiments permit growth. It (Table 9) suggesting that these two mutants possess single regulatory mutations. If these two strains do possess regulatory gene mutations, the lesions. are different (Table 11) . Additional evidence for the nonidentity of these lesions comes from the observation that the lesion found in PRS 372 is cotransducible with the gene for BO, whereas that found in PRS 371 is not (30) .
Regulation of the mandelate pathway in two other P. aeruginosa strains. In addition to strain PRS 101, two other P. aeruginosa strains, 132 and 278, were examined in detail to determine the generality of the pattern of induction of the mandelate enzymes. The induction pattern presented by these strains grown on different mandelate and benzoate pathway metabolites is shown in Table 12 . Basal enzyme levels were measured in extracts of cells grown on glucose. The inductive responses are identical with those of strain PRS 101 (see Tables 2 and 5 ). This similarity is not surprising in light of the taxonomic studies of Stanier et al. (32) which showed that the species is phenotypically quite uniform. DISCUSSION The induction pattern of the mandelate pathway in P. aeruginosa is shown in Fig. 4 . The biochemical steps for the conversion of mandelate to benzoate in P. aeruginosa are the same as Besides benzoylformate and f,-ketoadipate (Fig. 4) , adipate or a metabolite of adipate may also induce BDH activity. Kemp and Hegeman (19) tern observed and the presence of double mutants whose properties are shown in Tables 8 to  11 .
These data present a problem of understanding the inductive control of BFD and BDH within the framework of the operon model (17) . Both enzymes are induced by benzoylformate, and mutants exist which are deficient in one or both activities. Some of the double mutants, PRS 371 and PRS 372, appear to possess undamaged structural genes for both enzyme activities (Table 11) , even though these activities are not expressed. This information is consistent with the notion that the genes for these enzymes comprise a two-gene operon. However, there is also information which is not consistent with this view.
First, there is the fact that fl-ketoadipate appears to elicit the synthesis of one of the two supposedly coordinately controlled enzymes in both the wild type and the two mutants, PRS 371 and PRS 372. Second, there is the existence of strain PRS 378 which lacks both the benzoylformateand adipate-induced enzyme activities ( 
